Neutrophils are highly specialized innate effector cells that have evolved for killing of pathogens. Human neonates have a common multifactorial syndrome of neutrophil dysfunction that is incompletely characterized and contributes to sepsis and other severe infectious complications. We identified a novel defect in the antibacterial defenses of neonates: inability to form neutrophil extracellular traps (NETs). NETs are lattices of extracellular DNA, chromatin, and antibacterial proteins that mediate extracellular killing of microorganisms and are thought to form via a unique death pathway signaled by NADPH oxidase-generated reactive oxygen species (ROS). We found that neutrophils from term and preterm infants fail to form NETs when activated by inflammatory agonists -in contrast to leukocytes from healthy adults. The deficiency in NET formation is paralleled by a previously-unrecognized deficit in extracellular bacterial killing. Generation of ROS did not complement the defect in NET formation by neonatal neutrophils, as it did in adult cells with inactivated NADPH oxidase, demonstrating that ROS are necessary but not sufficient signaling intermediaries and identifying a deficiency in linked or downstream pathways in neonatal leukocytes.
Abstract:
Neutrophils are highly specialized innate effector cells that have evolved for killing of pathogens. Human neonates have a common multifactorial syndrome of neutrophil dysfunction that is incompletely characterized and contributes to sepsis and other severe infectious complications. We identified a novel defect in the antibacterial defenses of neonates: inability to form neutrophil extracellular traps (NETs). NETs are lattices of extracellular DNA, chromatin, and antibacterial proteins that mediate extracellular killing of microorganisms and are thought to form via a unique death pathway signaled by NADPH oxidase-generated reactive oxygen species (ROS). We found that neutrophils from term and preterm infants fail to form NETs when activated by inflammatory agonists -in contrast to leukocytes from healthy adults. The deficiency in NET formation is paralleled by a previously-unrecognized deficit in extracellular bacterial killing. Generation of ROS did not complement the defect in NET formation by neonatal neutrophils, as it did in adult cells with inactivated NADPH oxidase, demonstrating that ROS are necessary but not sufficient signaling intermediaries and identifying a deficiency in linked or downstream pathways in neonatal leukocytes.
Impaired NET formation may be a critical facet of a common developmental immunodeficiency that predisposes newborn infants to infection.
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Introduction:
Polymorphonuclear leukocytes (PMNs, neutrophils) are highly specialized cellular effectors in host defense and immune surveillance. Mature human PMNs from healthy adults have a unique repertoire of activities, including phagocytosis, degranulation of antimicrobial enzymes and peptides, and generation of oxygen radicals with antimicrobial properties [1] [2] [3] [4] [5] [6] . Synthesis of inflammatory and regulatory lipids and proteins complements these innate mechanisms 1, 4, 5 . PMNs have evolved for capture, containment, and destruction of bacteria and fungi and also have activity against intracellular pathogens and viruses 2, 3 . PMNs have additional important roles in tissue repair and integration of innate and adaptive immune responses 6 . If, however, these specialized defensive mechanisms become dysregulated or unregulated, PMNs can paradoxically be mediators of inflammatory tissue injury 1, 6 .
Consistent with their requisite activities in host defense, defects in PMN functions cause immune deficiency syndromes 2, 7 . Neutrophil defects can be hereditary, developmental, or acquired in nature. Specific genetic deficiencies in PMN function cause significant morbidity in subsets of children and adults and, in parallel, provide unique insights into molecular mechanisms that regulate leukocyte activities 7, 8 .
Nevertheless, these disorders are rare and arcane. In contrast, the developmental syndrome of neonatal neutrophil dysfunction, which is particularly important in premature infants, is common and contributes to infections in infants worldwide. As an example, neonatal PMN dysfunction is thought to be a pivotal feature of sepsis in the newborn [9] [10] [11] . The incidence of neonatal sepsis is estimated to be 1-5 cases per 1000 live births in the U.S. and to be even higher after very low birth weight premature deliveries (15-19/1000); in contrast, the incidence of sepsis is much lower in children older than 1
For personal use only. on November 16, 2017. by guest www.bloodjournal.org From Defective NET Killing By Neonatal PMNs 4 year of age and in young adults [12] [13] [14] [15] . Furthermore, the incidence of neonatal sepsis is as high as 25% in some areas of the developing world 16, 17 . Thus, neonatal PMN dysfunction is a contributor to a public health problem of significant proportions, and also may precipitate other severe infectious syndromes 10, 11 .
Neonatal PMN dysfunction is multifactorial, in part depending on the degree of prematurity, and is only partially characterized 
Signaling Pathway Analysis
For personal use only. on November 16, 2017. by guest www.bloodjournal.org From Expression of messenger RNAs (mRNA) coding for TLR4 and the PAF receptor (PAF-R) was determined using RT-PCR and the following primer sets: TLR4 sense 5′-AACCTGGACCTGAGCTTTAATCC-3′, anti-sense 5′-AGCCACCAGCTTCTGTAAACTTG-3′; PAF-R sense 5′-GGCTGGGGCCAGGACCCAGA-3′, anti-sense 5′-CTGCCCTTCTCGTAATGCTC-3′.
In functional studies, PMNs from each subject group were incubated with varying concentrations of FITC-LPS at 37°C for 1 hour while adherent to poly-L-lysine (1 mg/ml) coated coverslips. They were then imaged by confocal microscopy with nuclear staining (Topro-3) and cytoplasmic counterstaining using WGA. To examine PMN responsiveness to PAF, intracellular calcium release assays were performed. PMNs were 
Live Cell Imaging
PMNs (2 x 10 6 cells/mL) from adults or neonates were incubated with control buffer or stimulated with LPS (0.1-100 ng/ml) or PAF (10 -10 -10 -7 M) for 1 hour at 37°C in 5% CO 2 /95% air on glass coverslips coated with poly-L-lysine or fibrinogen. In selected studies, PMNs were treated with phorbol myristate acetate (PMA) or incubated with bacteria for live cell imaging and/or scanning electron microscopy (see below). In 
Scanning Electron Microscopy
LPS-and PAF-stimulated PMNs were fixed with 2.5% glutaraldehyde and 1% paraformaldehyde in 0.1M sodium cacodylate buffer (pH 7.4) for 24 hours. In some experiments PMNs were incubated with Escherichia coli (E. coli) or Staphyloccus aureus (S. aureus) bacteria prior to fixation. The fixed cells were then rinsed with sodium cacodylate and postfixed with 1% osmium tetroxide and 1% tannic acid, dehydrated with a graded series of ethanol, and then dried in hexamethyldisalizane. The samples were subsequently mounted on colloidal graphite, sputter-coated, and visualized using a scanning electron microscope (Hitachi S2460 N, San Jose, California). 
Quantification of Neutrophil Elastase (NE) Activity
PMNs (4 x 10 6 cells /ml) in M-199 were incubated at 37°C in 5% CO 2 /95% air with control buffer, LPS (100 ng/ml), or PAF (10 nM) for 15 -120 min in a 24 well poly-L-lysine coated tissue culture plate. NET-associated NE activity was determined at selected time points as described 29 . Statistical comparisons were made via one-way ANOVA with post hoc Pairwise Multiple Comparisons made via the Holm-Sidak method.
Bacterial Killing Assay
Bacteria killing efficiency of PMNs freshly isolated from adult subjects and term infants using an assay modified from the literature 29, 32 was determined. PMNs were incubated for 30 min at 37°C in 5% CO 2 /95% air alone or with the phagocytosis inhibitors Cytochalasin B and D (10μm) 27, 30 . Cytochalasin treatment inhibits total bacterial killing by inhibiting phagocytosis without blocking PMN degranulation 35 . The leukocytes were then stimulated with LPS (100 ng/ml), placed in poly-L-lysine-coated wells of a 24-well tissue culture plate, and incubated at 37°C for 1 hour to induce cellular activation and formation of NETs. To inhibit NET-mediated bacterial killing, we incubated selected wells with DNase (40 U/ml) for 15 minutes prior to addition of bacteria. E. coli (1 colony forming unit (CFU)/100 PMN) were then added to the PMNs, followed by continued incubation for 2 hours. The PMNs were then permeabilized with 0.1% Triton-X 100 for 10 min and each well was scraped to free all cells. Serial dilutions were performed and cultures were grown on 5% sheep blood agar plates (Hardy Diagnostics). After a 24-hour incubation, bacterial counts were determined. Total and fractional NET-mediated bacterial killing were determined as described 29, 32 . Statistical comparisons between adult and term infant PMN bacterial killing were made using the Student's t-test.
Results:
PMNs isolated from newborn infants fail to form NETs following stimulation with inflammatory agonists. We characterized NET formation by PMNs isolated from term and premature infants and healthy adult subjects using conditions based on and adapted from descriptions of NET generation in the field [27] [28] [29] [30] 32 . LPS and PAF were chosen as inflammatory agonists because there is evidence that these mediators contribute to the pathophysiology of sepsis and other infectious and inflammatory disorders in both neonates and adults [36] [37] [38] . Adult PMNs stimulated with LPS or PAF formed NETs after a 60 minute incubation period, with no NET generation by quiescent control PMNs studied in parallel ( Figure 1A,B) . Treatment of LPS-stimulated adult PMNs with DNase (2.5 Units/ml) degraded NETs generated by stimulated PMNs ( Figure 1A ). This is consistent with evidence that adult PMNs activated with interleukin 8 (IL-8) or the non-physiologic agonist PMA generated NETs 27 . In contrast, in a previous report adult PMNs failed to generate NETs in response to the complement fragment C5a, which is considered to be a relatively potent PMN agonist 39 , in the absence of a priming stimulus 33 . Thus, there may be differential regulation of the response by specific neutrophil receptors. We also found that PMNs adherent to fibrinogen ( Figure 1A ) and other immobilized proteins (C. 
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Using electron microscopy, we also examined NET formation by control and LPS-stimulated PMNs isolated from preterm and term infants and adults. LPS-stimulated PMNs isolated from adult donors generated extensive extracellular lattices ( Figure 1C , left panels). These structures are similar to those detected by live cell imaging ( Figure   1A, B) . In contrast, complex extracellular NETs were absent when control or LPSstimulated neonatal PMNs were examined by electron microscopy ( Figure 1C , middle and right panels). We then employed an assay in which extracellular DNA was quantitated by fluorimetry using a cell-impermeable fluorescent dye (Figure 3) as a correlate to detection of NET formation by light and electron microscopy ( Figure 1 ). We found a significant increase in supernatant extracellular DNA content following stimulation of adult PMNs with LPS, but much lower levels in samples from LPSstimulated PMNs isolated from either term or preterm infants ( Figure 3A ).
To further characterize and quantify differences in NET generation by neonatal PMNs, we examined neutrophil elastase (NE) by immunocytochemistry and activity assays using samples from control or LPS-stimulated PMNs. NE is associated with NETs, and NE activity in PMN supernatants was reported to be a quantifiable surrogate marker for NET formation 27, 29, 32 . Anti-NE staining confirmed the association of this antibacterial enzyme with NETs formed by adult PMNs following stimulation with PAF ( Figure 3B) or LPS (not shown). In contrast, NETs displaying NE were not detected by immunocytochemistry in incubations of stimulated neonatal PMNs, although NE was present in primary granules of PMNs from term neonates examined in parallel ( Figure 3B and data not shown). We next assayed NET-associated NE activity as an index of NET formation 32 at baseline and at multiple time points following stimulation of adult and neonatal PMNs with LPS. NET-associated NE activity in adult PMNs increased over the For personal use only. on November 16, 2017. by guest www.bloodjournal.org From 120 minute incubation period. In parallel, NE activity associated with PMNs isolated from term and preterm infants was markedly lower ( Figure 3C ), a pattern consistent with measurements of extracellular DNA ( Figure 3A ) and NE in extracellular NETs evaluated by immunocytochemistry ( Figure 3B and data not shown) . Treatment of PMNs with the NE inhibitor at a high concentration (1 mg/ml), but not a lower concentration (100 mcg/ml), reduced NET formation, suggesting the possibility that NE activity contributes to NET formation (data not shown).
The defect in NET formation by neonatal PMNs is associated with impaired extracellular bacterial killing. We then determined if the defect in NET formation by
neonatal PMNs is associated with bacterial killing deficits, as assessed by an in vitro killing assay. Extracellular lattices that formed when adult PMNs were incubated with E. coli or S. aureus trapped and localized the bacteria when examined by scanning electron microscopy ( Figures 4A and 4B 
Oxygen radical signaling of NET formation is interrupted in neonatal PMNs.
PMNs from subjects with chronic granulomatous disease (CGD), a genetic deficiency of NADPH oxidase activity, and adult PMNs with NADPH oxidase disabled by the pharmacologic agent diphenylene iodonium (DPI) are unable to form NETs 32 .
Exogenous cell-permeable ROS restore the ability of CGD PMNs to form NETs, leading to the conclusion that ROS function as signaling molecules that activate a downstream pathway to a unique "NET death" response and associated extracellular NET formation Incubations using GO in a concentration range from 200-1000 mU/ml yielded the same result. We also found that PMNs from term and preterm neonates stimulated with PMA are able to generate endogenous ROS as qualitatively assayed by nitroblue tetrazolium reduction (Supplemental Figure 1A) , we documented defective NET formation by PMNs from both gestational age groups. Because the severity of neonatal PMN dysfunction is, in general, related to developmental maturity, this suggests that extracellular killing by neutrophils from . Thus, they might be predicted to more robustly form NETs compared to adult PMNs. We found the opposite, further disassociating NET formation from apoptosis.
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The mechanism of cell death and consequent NET formation by adult PMNs activated with PMA or S. aureus requires generation of ROS and is deficient in neutrophils from patients with CGD or PMNs with pharmacologically-inactivated NADPH oxidase 32 . This suggests that intracellular oxygen radicals signal to downstream components of a pathway that controls NET formation 32 . The functional phenotype of neonatal PMNs, in which ROS generation is preserved (albeit at lower levels than in adults, depending on the degree of maturity) (Supplemental Figure 1A) For personal use only. on November 16, 2017. by guest www.bloodjournal.org From
